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http://dx.doi.org/10.1016/j.jds.2012.0Abstract Background/purpose: A relationship between malocclusion and intraoral pressure
is suspected but ill understood. This study explores intra-oral pressure changes during normal
swallowing to assess differences in patterns of command saliva and water swallows.
Materials and methods: We used a custom-made appliance fitted with miniature pressure
transducers located along the midline at the anterior-, mid-, and hind palate to measure abso-
lute pressures during command water and saliva swallows. Data were obtained from eight
healthy volunteers (six males, two females; 24e35 years) with full permanent dentitions.
Following accommodation, volunteers performed 10 mL water and saliva swallows on
command. Each volunteer performed the swallows three times on 5 separate days, yielding
data from 15 swallows for each individual.
Results: Each participant had a distinct pressure response during swallowing. At all three loca-
tions, negative pressure amplitude was greater than positive pressure amplitude, with no
significant difference between swallowing saliva and water. There was a larger rate of negative
pressure development (P < 0.01) and a larger value for the pressure-time integral (P < 0.05) at
the front of the palate during water swallowing. During water swallowing, the root mean
square pressure integral (index of work) at the front of the mouth was larger (P < 0.05),
and there was a significant front to mid palate pressure gradient (P < 0.05) that was not
evident during saliva swallowing.
Conclusion: We tested the hypothesis that a liquid with a low viscosity (water) requires less
lingual propulsive deformation than a higher viscosity liquid such as saliva. Although saliva is
a more complex fluid than water and varies between individuals, participants produced
personally distinct and consistent signature pressure patterns and retained these for both
liquids.
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Swallowing pressure 325IntroductionFigure 1 Location of the three pressure sensors (stars) fitted
to a chrome-cobalt appliance at the front-, middle-, and hind-
palate.A fundamental tenet of tongue function is that, during the
oral phase of swallowing, the tongue transports the bolus
from the front of the mouth to the entrance of the
oropharynx through the orderly sequential contact of its
dorsal surface against the palate.1 But what exactly is the
pattern and extent of lingual pressure applied to the palate?
Despite progress in understanding how food consistency,
rheology, sex, and age can significantly affect swallowing,2e4
the question has remained unanswered. Themain challenges
to developing a characterization of lingual propulsion of the
bolus are the inaccessibility of themouth and the complexity
of interactions between intrinsic and extrinsic tongue
muscles. Given observations on the relationship between
tongue movements and the etiology of malocclusion,3e7 and
the assumed importance of tongue function in generating
a zone of equilibrium and its role in stabilizing dentures,8,9
we decided to investigate the patterns of intra-oral pres-
sure generated during swallowing.
Many aspects of the oral phase of bolus transit remain
poorly understood. In particular, controversy surrounds the
effect of bolus viscosity on intra-oral pressures generated
during deglutition. One report asserts that peak force
amplitudes increase when viscosity is increased,2 but other
researchers have not observed this.10,11 Here we report on
pressure patterns generated in the mouth during saliva and
water swallowing, and test the hypotheses that a liquid
with a low viscosity (water) requires less lingual propulsive
deformation than a higher viscosity liquid, such as saliva,
and that the difference in viscosity results in a different
command swallowing pattern.
Materials and methods
We devised an appliance that provided a rigid platform for
the simultaneous measurement of pressure at specific
locations in the mouth.12 We used three miniature pressure
transducers (Type 105 S, Precision Measurement Company,
Michigan, USA, 0e420 kPa) sensitive to both positive and
negative pressure changes, located along the midline at the
anterior-, mid- and hind-palate (Fig. 1).
Data were obtained from eight healthy volunteers (six
males, two females; aged 24e35 years) with full permanent
dentitions (except third molars); Angle Class I occlusions;
acceptable overbite and overjet relationships; and no
history of orthodontic treatment, oro-motor defects or
neurological involvement. The University of Otago Ethics
Committee approved the protocol.
During an initial 30-minute accommodation period, we
recorded intraoral pressures from which we later identified
signals generated by spontaneous swallows. Following
accommodation, patients performed 10 mL water and
saliva swallows on command. Each patient performed the
swallows three times on 5 separate days, yielding data from
15 swallows for each individual. Raw data from the three
sensors were recorded on a ML 785 Power Lab, via a Bridge
Amplifier, at a rate of 100 samples per second. Each sensor
was calibrated at the start of every session. As described in
our previous study,13 we used an initial sharp drop in
pressure to signal the start of each swallow, a point fromwhich data recorded at that site were aligned. Means were
compared using student’s t-test for paired observations.
ANOVA for repeated measurements was performed when-
ever more than two means were compared. Significance
was set at a probability level of P < 0.05.Results
In six participants we detected a number of distinct and
reproducible events during the accommodation period, and
we considered these to have been produced by sponta-
neous saliva swallowing. The records of spontaneous and
command saliva and water swallowing are given in Fig. 2,
showing distinct pressure profiles reproduced in each type
of swallow. However, there were obvious inter-individual
differences in pressure profiles, particularly at the front
of the palate. For example, in participant C there were
similar, clearly defined, predominantly negative pressure
fluctuations at the mid- and hind-palate, while pressure
fluctuations at the front of the palate during both saliva and
water swallowing appeared to be random. In contrast,
pressure fluctuations produced by participant F were
similar at all three sites during each type of swallow.
All measurements in the remainder of the results section
were based on data obtained during command water and
saliva swallows. Fluctuations in tongue pressure that
accompanied swallowing started at the front of the palate
(Fig. 3). The delay between the start of activity at front-
and mid palate was significantly longer than that between
mid- and hind-palate (P < 0.05), and the delay between the
start of activity at mid- and hind-palate was longer when
swallowing water (P < 0.05). Peak positive and peak
negative pressures during saliva and water swallowing are
shown in Fig. 4A. Negative pressure fluctuations were larger
at the hind palate for both substances swallowed (P < 0
01). There were no significant differences for either peak
positive or negative pressures recorded during saliva and
Figure 2 (AeF) Examples of the pressure patterns generated at the front of the palate (site 6), mid-palate (site 7) and hind-
palate (site 8) in six participants during spontaneous saliva, command saliva and command water swallowing. Note the consid-
erable inter-individual variation in the form of the conserved pattern. In participant C, fluctuations at the front of the palate were
messy, showing little correlation with those recorded further back, while in participant F pressure patterns at the front of the
mouth strongly resembled those recorded at mid- and hind-palate.
326 C. Bolter et alwater swallowing. Data for the peak rate of development of
pressure (dP/dtmax) during swallowing responses are pre-
sented in Fig. 4B, and show that dP/dtmax was significantly
greater at the front when swallowing water as opposed to
saliva (P < 0.05 and <0.001 for positive and negativeFigure 3 Delays in onset of responses at mid- and hind-
palate. Open and filled bars represent data from command
saliva and water swallows. Each bar shows the mean  SEM of
the data from eight participants. For each participant the
value used was the mean from 15 trials on 5 separate days.
Action of the tongue along the palate was slower during water
swallowing (*P < 0.05).fluctuations, respectively) and at mid palate (P < 0.05 for
negative fluctuations).
The magnitude and direction (positive or negative) of
the product of pressure and time over the duration of
a swallow (net value of the area under the pressure-time
curve) may reflect the overall potential for the pressure
fluctuations to produce a functional pressure gradient. The
values for this product are presented in Fig. 5A. A larger
negative value for the front of the palate was associated
with water swallowing (P < 0.05); at mid- and hind-palate
the values were similar for water and saliva swallows.
All pressure fluctuations, whether above or below
ambient value, were the result of work done by the tongue.
As an index of this work, we calculated the product of the
root-mean-square (RMS) pressure and time over duration of
the fluctuation. We considered the magnitude of RMS
pressure integral to reflect the amount of work the tongue
performed at each location (Fig. 5B). Although the mean of
the net pressure integral at the front of the palate for saliva
swallowing was essentially zero (Fig. 5A), the busyness of
the tongue at this location was reflected by a substantial
value for the mean of RMS pressure integral. The tongue
appeared to perform more work at the front of the mouth
during water than during saliva swallowing (P < 0.05), but
similar amounts of work at the mid- and hind-palate
(Fig. 5B).
The integral of the difference in pressure between front-
and mid palate locations, and between mid- and hind-
Figure 4 (A) Values of peak pressure, and (B) peak dP/dt
achieved during command saliva and water swallows. Open and
filled bars represent data from saliva and water swallows. Each
bar shows the mean  SEM of the data from eight participants.
For each participant the value used was the mean from 15
trials on 5 separate days. There was no significant difference
between the values recorded for peak pressures during saliva
and water swallowing. At both sites 6 and 7 the value for peak
negative dP/dt during the swallowing was larger than for saliva
swallowing (**P < 0.01 and *P < 0.05).
Figure 5 (A) Integrated pressure development and (B) root
mean square pressure development during command saliva and
water swallows. Open and filled bars represent data from
saliva and water swallows. Each bar shows the mean  SEM of
the data from eight participants. For each participant the
value used was the mean from 15 trials on 5 separate days. The
only clear difference in tongue activity occurred at the front of
the palate, where water swallowing was associated with
significantly greater activity (*P < 0.05).
Swallowing pressure 327palate locations, represents the pressure gradients that
develop to drive a bolus along the palate (Fig. 6). During
saliva swallowing, there was no effective pressure gradient
between the front- and mid palate, whereas, during water
swallowing, a significant gradient developed between
front- and mid palate that was directed towards the front
of the palate (P < 0.05). In contrast, integrals for the
pressure gradient between mid- and hind-palate during
water and saliva swallowing were similar.
Discussion
The tongue is a complex organ whose function is critical for
bolus formation and transport, swallowing, and speech.
During bolus formation and transport, the tongue deforms
in an instinctive and orchestrated manner to configure and
propel the bolus during the oral phase of swallowing.
Throughout swallowing, the tongue behaves like a hydro-
stat, with its musculature both supplying the support for
and creating its motion.14 It is thought that the basic
neurophysiology of the oral phase of swallowing is fine-
tuned in response to peripheral feedback as well as to
central input generated by variations in bolus consistency
and volume.15,16 In other words, the tongue’s primary
motor cortex appears to control both voluntary move-
ments, such as trained tongue elevation to receive and
order the bolus, and semiautomatic movements such as
bolus transport. Moreover, the tongue’s primary motor
cortex appears to be involved with more than the activationof bolus transport; it may in fact play a part in the senso-
rimotor regulation of the swallowing process.17
We had previously assumed that participants’ swallowing
actions in response to the instruction to swallow (swallow
on command) would not differ from naturally occurring,
spontaneous swallowing actions,13 but provided no
evidence for this. Examination of the records obtained
during accommodation detected patterns of fluctuation in
pressure that closely resembled fluctuations seen in
command saliva and water swallows (Figs. 2 and 4). We did
not quantify these data, but from these records we
concluded that an individual’s pattern of response to
a command swallow does not differ substantially from the
pattern seen during a spontaneous swallow. This is an
important observation; it suggests that we can assume that
the responses we observe when an individual makes
a conscious effort to swallow closely resemble the
responses that occur during automatic swallowing.
We tested the hypothesis that a liquid with a low
viscosity (water) requires less lingual propulsive deforma-
tion than a high viscosity liquid such as saliva. We asked
Figure 6 Values for the integral of pressure gradients
developed along the palate during command saliva and water
swallowing. Open and filled bars represent data from saliva and
water swallows. Each bar shows the mean  SEM of the data
from eight participants. Differences were limited to the front
of the palate (*P < 0.05), with similar propulsive forces acting
on water and saliva at the rear of the palate.
328 C. Bolter et alhow pressure patterns of swallowing saliva differ from
swallowing water. Saliva is a more complex fluid than
water, and has both a viscous and an elastic component
because of the proteins present. It also varies between
volunteers. The role of fluid properties in differences in
recorded forces and in energy expenditure may be open to
several interpretations.
It is clear that at the front of the mouth, the function of
the tongue and lips is to seal the oral cavity so that
developed pressures will result in movement of fluid
towards the rear of the palate. Although water wets the
teeth and oral surfaces, its lower viscosity may limit its
capacity to seal. In contrast, with its higher viscosity, saliva
would provide a more supportive seal between the teeth
and tongue, thus less pressure would need to be generated
by the tongue. In this respect it is well established that the
glycoprotein concentration, and therefore the viscosity, of
submandibular/sublingual secretion is significantly higher
that that of the parotid gland.18
Recently, Sugita and co-workers described and analyzed
patterns of tongue pressure against the hard palate during
the swallowing of test foods of three consistencies (thin,
medium, thick), when compared to water swallowing.19
They found that while the response of the anterior of the
tongue to a thicker bolus was to increase the duration of
a swallow, the response at the posterior of the tongue was
more varied, with alterations in both duration and devel-
oped pressure. Specifically, they found that increased
viscosity resulted in significantly larger pressure fluctua-
tions in the hind palate. They hypothesized that for a range
of bolus consistencies, the basic pattern of tongue pressure
was maintained, but that the tongue’s activity over the
anterior and posterior palate was differentially modulated
by sensory feedback.
Our results are straightforward and contrast markedly
with those of Sugita et al.19 We show that participants
produce personally distinct and consistent ‘signature’
pressure patterns, and that these patterns are retained
during different types of swallowing. Our observations areconsistent with those of Shaker et al, who documented
wide inter-volunteer pressure variability, with between-
individual differences appearing to be greatest at the
front of the palate.20 Similarly, Tasko et al. reported that
tongue movement patterns analyzed using X-ray micro-
beam technology showed marked variability in healthy
individuals.21 Their findings suggested a range of bolus-
holding strategies and that individuals may exercise
a considerable degree of voluntary control over their
pattern of tongue movement during swallowing. Using
a different measure (mean peak anterior tongue pressure
during swallowing; MSP), Youmans and Stierwalt also
showed that pressure development during swallowing was
highly variable between volunteers, suggesting that indi-
viduals produced highly differing anterior tongue pressures
and that this occurred independent of bolus consistency.4
In our study, some participants had messy anterior
pressure patterns (participant C, Fig. 2), while others had
more simply defined patterns that resembled those gener-
ated at the mid- and hind-palate (Participant F, Fig. 2). It is
clear from Figs. 2 and 4A that tongue pressure was not
modulated across bolus consistency (water/saliva). These
observations are in keeping with those of Takahashi and
Nakazawa, who studied palatal pressure changes during
deglutition of non-Newtonian liquids varying in viscosity
and found that, although there was between-volunteer
variability in the magnitude of pressure changes, within
individuals there was no relationship apparent between
pressure change and viscosity. Youmans and Stierwald
studied the normal physiology of the anterior tongue during
swallowing of different bolus volumes and consistencies,
and showed that while there appeared to be greater pres-
sure development (measured by the Iowa Performance
Instrument) in young adults when swallowing nectar-thick
fluids compared to thin fluids, this difference was not
apparent in middle-aged participants.4
To our knowledge, most previous studies on tongue-
palatal pressures during swallowing have measured positive
pressure only.22,23 However, our data illustrate the impor-
tance of measuring absolute pressure, and show that the
amplitude of negative pressures equals or exceeds the
amplitude of positive pressures at all locations. It also
shows that there are no significant differences between
these values for saliva or water (Fig. 4A). Additionally,
when looking at the rate of pressure change during
a swallow (dP/dt), we find that water swallows are char-
acterized by significantly more rapid pressure changes at
the front and mid palate (Fig. 4B).
One of the findings of our earlier study was that during
swallowing there is greater between-volunteer variability
in the fluctuations in pressure at the anterior than at the
mid- or hind-palate.14, 24 To quantify the propulsive action
of the tongue during bolus transport, Wilson and Green
obtained X-ray microbeam data from volunteers while they
swallowed 10 mL of water.25 They showed that the move-
ment patterns of the middle and hind tongue had more in
common with each other than those of the anterior the
tongue, suggesting different roles for the blade and tip
during bolus transport. We also found a remarkable
conservation of the tongue’s behavior at mid- and hind-
palate during water and saliva swallows. We suggest that,
by this time point in a swallow, the tongue’s actions are
Swallowing pressure 329primarily automatic and are relatively independent of the
nature (size and viscosity) of the bolus. Thus a swallow
appears to be an automatic personalized movement that
follows a programmed motor routine,26 and in this regard is
similar to a smile.27 Subtle variations in the pressure signals
at mid- and hind-palate associated with alterations in bolus
properties could be attributable to the mechanical inter-
action of the tongue and palate with the bolus, rather than
to a reflex-modulation of the motor input.
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